Higgs boson creation in laser-boosted lepton collisions by Müller, Sarah J.Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, D-69117 Heidelberg, Germany et al.
Physics Letters B 730 (2014) 161–165Contents lists available at ScienceDirect
Physics Letters B
www.elsevier.com/locate/physletb
Higgs boson creation in laser-boosted lepton collisions
Sarah J. Müller a, Christoph H. Keitel a, Carsten Müller a,b,∗
a Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, D-69117 Heidelberg, Germany
b Institut für Theoretische Physik I, Heinrich-Heine-Universität Düsseldorf, Universitätsstr. 1, 40225 Düsseldorf, Germany
a r t i c l e i n f o a b s t r a c t
Article history:
Received 9 October 2013
Received in revised form 22 January 2014
Accepted 22 January 2014
Available online 28 January 2014
Editor: A. Ringwald
Keywords:
Electroweak processes
Higgs boson creation
Laser-driven acceleration
Electroweak processes in high-energy lepton collisions are considered in a situation where the incident
center-of-mass energy lies below the reaction threshold, but is boosted to the required level by
subsequent laser acceleration. Within the framework of laser-dressed quantum ﬁeld theory, we study
the laser-boosted process +− → H Z0 in detail and specify the technical demands needed for its
experimental realization. Further, we outline possible qualitative differences to ﬁeld-free processes
regarding the detection of the produced Higgs bosons.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.Search for the Higgs boson is one of the primary tasks of the
Large Hadron Collider (LHC) at CERN. It relies on collisions of few-
TeV proton beams produced in a 27 km long ring accelerator. The
Higgs boson has been predicted as physical manifestation of the
Higgs mechanism which endues the W and Z bosons with their
mass by way of electroweak symmetry breaking. The Higgs bo-
son recently discovered at the LHC [1] shows standard-model like
properties in all aspects that are accessible by the LHC experi-
ment [2]. However, further investigations of its couplings to other
particles and to itself are necessary in order to establish whether it
is indeed the (single) standard model Higgs boson or if it is accom-
panied by new physics [3]. These precision studies of Higgs boson
properties will require lepton collisions on the TeV energy scale in
a future linear accelerator. As compared with protons, leptons are
favorable in this regard due to their point-like structure. Proposals
for corresponding linear e+e− [4] or μ+μ− [5] colliders have been
put forward, but not been approved yet due to the considerable ﬁ-
nancial demands. However, the large variety of interesting particle
reactions in high-energy lepton collisions renders their realization
desirable.
In view of the ever increasing dimensions of high-energy par-
ticle colliders, alternative acceleration concepts are nowadays be-
ing developed. They might help to keep future facilities within
reasonable size limits by complementing existing technologies.
Among them, laser acceleration belongs to the most promising
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SCOAP3.candidates [6]. Super-intense laser pulses available today provide
acceleration gradients up to ∼ 1 GeV/cm, exceeding the value at
conventional particle accelerators by three orders of magnitude.
Via relativistic laser-plasma interaction, electron beams with en-
ergies in GeV order have been generated along a 3 cm long ac-
celeration capillary [7]. A meter-scale plasma-wakeﬁeld accelerator
has been able to double the energy of a 42 GeV electron beam [8].
Proposals for relatively compact future laser-driven TeV lepton col-
liders have been presented, accordingly [9].
Also, direct laser-particle acceleration for application in high-
energy physics is under active scrutiny. In particular, while moving
inside an intense laser ﬁeld, particles can be accelerated temporar-
ily to enormous energies which may be exploited if the collisional
event occurs in the presence of the ﬁeld [10–12]. Experimental
implementations of high-energy QED processes via the interaction
of matter with intense lasers have been realized [13–18]. Further-
more, theorists are currently developing new schemes for the em-
ployment of next-generation lasers in the probing of fundamental
physics beyond the standard model [19].
Against this background, we study in this Letter electroweak
processes in high-energy lepton collisions arising from a staged
scheme combining conventional with direct laser acceleration [20].
The incident particles are assumed to be pre-accelerated by con-
ventional means to a center-of-mass (c.m.) energy which is high
but still below the required reaction threshold. The acceleration
gradient provided by a collinear superimposed laser ﬁeld further
enhances the c.m. energy, rendering possible the particle reaction
of interest. As a speciﬁc example, we consider the process +− →
H Z0 in the presence of a super-intense laser wave (cf. Fig. 1). A de-
tailed calculation within the framework of laser-dressed quantumunder the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by
162 S.J. Müller et al. / Physics Letters B 730 (2014) 161–165Fig. 1. (Color online.) Schematic view of the considered process +− → H Z0 inside
a laser ﬁeld (a) and its Feynman diagram (b). The wiggled lines indicate that the
colliding leptons are described by laser-dressed states.
ﬁeld theory is presented and its partially unexpected outcome as
well as the technical requirements for an experimental realization
are discussed. Throughout this Letter, we use a natural units sys-
tem with h¯ = c = 4πε0 = 1.
We assume a linearly polarized, monochromatic plane laser
wave with four-potential Al(φ) := al cosφ, with al = (0,a,0,0),
and φ = (kx) being the four-product of the laser wave vector
k = (ω,0,0,ω) and the space–time coordinate x. The transition
amplitude for the process +− → H Z0 inside the laser ﬁeld is
given by
S = −ig
2cos θW
∫ ∫ ∫
ψ+(x)γμ(gV − gAγ5)ψ−(x)
× 4πe
iq(x−y)
(2π)4
−igμν + iqμqν
M2Z
q2 − M2Z
× igMZ gνρ
cos θW
√
1
4E Z EH
∗ρ(P Z )ei(P Z+PH )y d4xd4 y d4q, (1)
where the ﬁrst line contains the leptonic current Jμ , the second
line represents the propagator of the virtual Z0 boson [21], and
the third line describes the outgoing particles. Here, g = e/ sin θW
is the weak coupling constant (θW being the Weinberg angle),
gV and gA are the leptonic weak neutral current coupling con-
stants, gμν is the metric tensor, γμ are the Dirac matrices, and
γ5 = iγ0γ1γ2γ3. Within the Furry picture, the inﬂuence of the laser
ﬁeld on the charged leptons is accounted for by employing dressed
states ψ± which are exact solutions to the Dirac equation in the
presence of the plane electromagnetic wave Al(φ). Carrying no
electric charge, the created H and Z0 bosons are not inﬂuenced
by the laser ﬁeld and thus are described by free states, i.e. the po-
larization state (P Z ) for the Z0 boson and 1 for the (scalar) Higgs
particle. Their masses and four-momenta are MZ , P Z = (E Z , P Z )
and MH , PH = (EH , PH ), respectively.
Employing Feynman slash notation, the dressed leptons in
Eq. (1) are described by the Volkov states [22]
ψ±(x) =
√
1
2q0±
(
1± e/k/A
2(kp±)
)
up±s±e
i S (2)
with the elementary charge unit e, lepton mass m, free Dirac
spinors up±s± and the classical action
S = ±(q±x) + e(al p±)
(kp±)
sinφ ± e
2a2
8(kp±)
sin2φ. (3)
Note that Eqs. (2) and (3) contain laser-dressed four-momenta
qμ± = pμ± + ξ2
m2
2(kp±)
kμ (4)
which, depending on the dimensionless laser intensity parame-
ter ξ = ea/√2m, may be considerably larger than the free mo-
menta p± . Note that the (quantum mechanical) laser-dressed mo-
menta q± can be obtained from the classical particle momentain the ﬁeld by averaging over one laser cycle, see e.g. Section III
in [18].
The leptonic current Jμ can be treated by standard QED pro-
cedure. Using the abbreviation Γμ := γμ(gV − gAγ5), it is propor-
tional to
Jμ ∝ u¯p+s+
(
Γμ + e
2
(
/al/kΓμ
(kp+)
− Γμ/k/al
(kp−)
)
cosφ
− e
2/al/kΓμ/k/al
4(kp+)(kp−)
cos2 φ
)
up−s−
× e−i(β1 sin φ+β2 sin(2φ))e−i(q++q−)x (5)
with
β1 =
(
e(al p+)
(kp+)
− e(al p−)
(kp−)
)
,
β2 = e
2a2
8
(
1
(kp+)
+ 1
(kp−)
)
. (6)
The periodic functions f (φ) := e−i(β1 sin φ+β2 sin(2φ)) , cosφ f (φ) and
cos2 φ f (φ) in Eq. (6) can be expanded in Fourier series of the
form
∑
n Jn(β1, β2)e
−inφ where the coeﬃcients can be expressed
by generalized Bessel functions Jn(β1, β2) [23]. This expansion
allows for integrating Eq. (1) over x which for each n yields
a four-momentum conserving δ-function at the leptonic vertex,
δ(q+ +q− +nk−q). The y-integral similarly yields δ(P Z + PH −q).
Hence, after integration over q, the transition amplitude becomes
S =
∑
n
(2π)5
4
√
q0+q0−E Z EH
g2MZ
cos2 θW
Mnμ
−igμν + iq
μ
n q
ν
n
M2Z
q2n − M2Z
× gνρ∗ρ(P Z )δ(qn − PH − P Z ) (7)
with the virtual Z0 boson’s four-momentum qn := q++q−+nk and
a complex spinor-matrix product Mnμ containing the expansion of
the leptonic current. The remaining δ-function in Eq. (7) represents
the conservation of four-momentum in the process. Note that it
contains the laser-dressed, i.e. boosted four-momenta q± of the in-
coming leptons. The summation index n denotes the number of
laser photons absorbed or emitted (if n < 0) at the leptons’ vertex.
In order to obtain a cross section, the transition amplitude (7)
has to be squared, averaged over the initial spins and summed over
the polarization states of the outgoing Z0 boson, divided by the
incoming particle ﬂux |j| and a unit time T , and integrated over
the ﬁnal particles’ momenta:
d6σ = 1
4
∑
s+
∑
s−
∑
pol.
|S |2
T |j|
d3 P Z
(2π)3
d3 PH
(2π)3
. (8)
Note that the particle ﬂux |j| [22] contains the laser-dressed mo-
menta q± . The spin sum in Eq. (8) can be evaluated by standard
trace technology. Due to the δ-function in Eq. (7), the square of
the transition amplitude S =∑nSn can be written as |S |2 =∑
n |Sn|2 and the total cross section decomposes into a sum over
partial cross sections σn ,
σ =
∑
n
σn. (9)
Note that, because q± → p± for al → 0, Eq. (9) reproduces the
ﬁeld-free cross section of the process in the limit of vanishing laser
ﬁeld.
The inﬂuence of the laser ﬁeld on the collision energy is two-
fold: Firstly, the laser-dressed lepton momenta q± appear in the
S.J. Müller et al. / Physics Letters B 730 (2014) 161–165 163Fig. 2. (Color online.) Partial cross section σn as function of the number of absorbed
photons n (lower x-axis) on a logarithmic scale. On the upper x-axis, the corre-
sponding collision energy Ecm(n) is shown. Free lepton energy p0± ≈ 70 GeV, ξ = 1,
ω = 1 eV. Note that only every 106-th photon order is depicted.
four-momentum conservation law of the process. For a particle
which counterpropagates with the laser ﬁeld, the laser-dressed en-
ergy amounts to q0 ≈ p0, while for a co-propagating particle one
ﬁnds q0 ≈ (1 + ξ2)p0, which can be signiﬁcantly larger than the
incident energy p0 (cf. Eq. (4) and [10,24]). An intuitive reason for
this enormous energy gain is that, in its rest frame, the co-moving
particle experiences a strongly enhanced acceleration time.
Secondly, the absorption of n laser photons leads to additional
four-momentum nk in the lepton vertex. At high laser intensities,
the number n of absorbed laser photons can be very large, thus
further increasing the available collision energy. If the laser beam
propagates along the collision axis (such that β1 = 0), photon num-
bers as high as nmax ≈ 2β2 = p0ξ2/ω give contributions to the
cross section. Here, p0+ = p0− ≡ p0 has been assumed. The distri-
bution of partial cross sections σn even peaks at n ≈ nmax due to
the properties of the Bessel functions [25]. The collision energy in
the presence of the laser ﬁeld, Ecm(n) = [(q+ + q− + nk)2]1/2, is
therefore not ﬁxed but varies with n, reaching a maximum value
of
Ecm(nmax) = 2p0
√
1+ 2ξ2 (10)
which may substantially exceed the ﬁeld-free collision energy 2p0.
Therefore, superimposing a strong laser ﬁeld may render the pro-
cess +− → H Z0 possible even if the incident free lepton ener-
gies lie below the reaction threshold [26].
As an example, Fig. 2 shows the partial cross sections σn for
the process μ+μ− → H Z0 in the presence of a super-intense near-
optical laser ﬁeld (∼ 1022 W/cm2). The Higgs boson mass is taken
as 125 GeV [1]. Without the laser ﬁeld, the total cross section at-
tains a maximum of ≈ 212 fb at a c.m. energy of about 245 GeV
[27]. Here, we chose the incident muon energy p0 in such a way
that the energy gain from the laser ﬁeld boosts the total collision
energy for the maximum number of absorbed photons (10) to this
value, Ecm(nmax) ≈ 245 GeV. This is the case for p0 ≈ 70 GeV. Note
that there occurs a cut-off towards the left side in Fig. 2 where
the number of absorbed photons does not suﬃce to exceed the
reaction threshold. Summation over all contributing partial cross
sections yields σ ≈ 38 fb. Note that this cross section is an average
over a wide range of collision energies. Therefore, it does not com-
pare directly to a ﬁeld-free cross section at a well-deﬁned energy.
However, the rate of Higgs creation events per unit time R= σ |j|,
with the particle ﬂux |j| ≈ 2/V [1+m2ξ4/4p20(1+ ξ2)] and the in-
teraction volume V , can be accessed experimentally in the usual
way [1,13].
In view of an experimental realization of the described scheme
certain conditions regarding the collision parameters should beTable 1
Required laser parameters for the considered example μ+μ− → H Z0 for the laser
wavelength λ ≈ 1.2 μm. The incident lepton energy p0 is such that Eq. (10) yields
Ecm ≈ 245 GeV, where the ﬁeld-free cross section is maximal. A laser beam with an
elliptical cross sectional area is assumed, with the extensions parallel to the electric
and magnetic ﬁeld components given by x = ξγ λ and y = λ, respectively. The
pulse duration is 2γ 2(1 + ξ2)λ/c. Power and energy of the pulse are derived from
its spatiotemporal extensions. For comparison, a smaller laser intensity parameter
as well as the required parameters for e+e− collisions are listed.
μ+μ− μ+μ− e+e− e+e−
Intensity param. ξ 1 0.5 1 0.5
Intensity (W/cm2) 7.6× 1022 1.9× 1022 1.8× 1018 4.4× 1017
Optimum p0 (GeV) 70 100 70 100
Lorentz factor γ 670 945 1.4× 105 2.0× 105
Extension ‖ E (mm) 0.8 0.6 170 120
Pulse duration (ns) 7 9 3× 105 4× 105
Pulse power (PW) 2.3× 103 400 11 2
Pulse energy (GJ) 16 3.6 3.4× 103 750
met [10]. Firstly, the quasi-momentum in Eq. (4) strictly holds for
an inﬁnitely extended laser wave and is meaningful in a ﬁnite laser
pulse only if the particles experience at least one full oscillation
cycle. This is certainly guaranteed for the counterpropagating anti-
muon in our setup but for the copropagating muon it is required
that the laser pulse length exceeds z = 2γ 2(1 + ξ2)λ [24], with
γ = p0/m and the laser wavelength λ. In addition, the transver-
sal extent x of the laser beam along the polarization direction
should cover the complete muon trajectory, i.e. x  ξγ λ. Note
that focusing and trapping of the particles in the ﬁeld is a common
issue in laser acceleration schemes. It can be achieved by tailored
pulse proﬁles and auxiliary ﬁelds [28].
Secondly, the quasi-momentum (4) is maximal for perfect align-
ment of the lepton and laser beams. This can be realized only if the
angular spread in the incident particle beam is low, θ  1/γ . If
θ > ξ/γ , only a small fraction of the muon beam is eﬃciently
accelerated. Typical envisaged beam divergences for muon collid-
ers are in the order of 1 mrad [29].
Finally, the motion of the leptons can be affected by radiation
damping due to Compton scattering in the ﬁeld which, in prin-
ciple, limits the applicable laser intensities. However, this effect
is suppressed by the large muon mass. The relevant parameter
measuring the impact of radiation damping for the muon and anti-
muon, respectively, is given by R± = αξ2(kp±)/m2 [30], with the
QED ﬁne structure constant α. For the parameters of Fig. 2 we
obtain R−  R+ ≈ 10−7, rendering radiation damping effects of
minor importance.
Due to the small total cross section which is typical in weak
interaction processes, there will be a number of background pro-
cesses, like e.g. μ+μ− → e+e− , which would occur in any collision
experiment. The laser ﬁeld, however, allows for some additional
channels. In particular, e+e− pairs can be created from the colli-
sion of the counterpropagating antimuons with the laser photons
via the nonlinear Bethe–Heitler effect [31]. This ﬁeld-induced back-
ground process estimates to be rather weak, leading to only one
created pair per antimuon during the interaction time.
In Table 1, exemplary laser beam parameters are given for dif-
ferent collision constellations, where the lepton energies are such
that the absorption of nmax photons leads to the collision en-
ergy with the maximum ﬁeld-free cross section. The required laser
pulse power and pulse energy are calculated for elliptically-shaped
laser pulses [32] where the extension parallel to the electric ﬁeld
is assumed to cover the whole lepton trajectory and perpendicular
to it, the radius is assumed to be λ [33]. Besides the parameters for
the process μ+μ− → H Z0 considered in Fig. 2, we also list the pa-
rameters for ξ = 0.5. Here the required laser pulse power and en-
ergy but also the boost effect on the leptons are smaller. For com-
parison, laser-boosted e+e− collisions are listed as well. For the
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laser intensities scale as ∼ m2. However, larger Lorentz factors
than for muons, ∼ 1/m, are necessary, leading to vastly increased
spatiotemporal beam dimensions and thus huge beam energies.
Moreover, Compton scattering and radiation losses impose more
stringent limitations. Therefore, inducing electroweak reactions by
laser-boosting of μ+μ− collisions appears more promising with
regard to experimental implementation.
As can be seen from the pulse durations given in Table 1, the
ﬁeld contains many laser cycles (O(106) for the parameters from
column 1). This justiﬁes the assumption of a monochromatic laser
ﬁeld of inﬁnite duration underlying our calculations. We note that,
for much shorter pulses, it would be required to take into account
the shape of the ﬁnite laser pulse which leads to quantitative mod-
iﬁcations [36].
Let us put the laser parameters given in the ﬁrst two columns
of Table 1 into perspective. With modern petawatt laser systems,
peak intensities in the order of 1022 W/cm2 have indeed been
achieved [37]. The focal extensions (∼ μm) and pulse durations
(∼ fs), however, lie substantially below the required level. Further
development towards 10 PW machines is currently being pushed
forward [38,39], with the goal of reaching a few 100 PW within the
future Extreme Light Infrastructure [40]. Even exawatt laser sys-
tems are already being considered [41]. Present high-power lasers
are able to generate pulses with energies in the MJ range and
durations of about 10 ns [42]. Thus, while the laser parameters
required for an eﬃcient boosting of μ+μ− collisions are certainly
very challenging, the ongoing progress in high-power laser tech-
nology offers prospects to reach them.
While the laser ﬁeld may strongly enhance the c.m. energy
in laser-boosted lepton colliders, it reduces the collider’s lumi-
nosity: the interaction area is increased in the polarization di-
rection and the number of reacting particles is decreased due
to the small focus in the perpendicular direction. Assuming an
initial bunch population of 2 × 1012 muons, a bunch radius of
26 μm [43], and a laser ﬁeld with the parameters of the ﬁrst
column in Table 1, we can estimate that the large extension of
the ﬁeld in x-direction leads to a luminosity reduction by a factor
of 26 μm/x ≈ 3 × 10−2. In addition, due to the small extension
in y-direction, only a fraction of the initial muons is suﬃciently
accelerated which decreases the luminosity by another factor of
y/26 μm ≈ 4× 10−2. Regarding the collision frequency, one may
assume that the repetition rate of the laser can reach the repeti-
tion rate ∼ 15 Hz of the envisioned muon collider [43] and that
the lepton and laser beams are perfectly synchronized. Thus, all in
all, we obtain a luminosity loss due to the laser ﬁeld of approxi-
mately three orders of magnitude.
We note that higher laser frequencies can be beneﬁcial for our
scheme. Assuming that ultraviolet laser systems with suﬃcient in-
tensity and power become available, the required laser pulse en-
ergy in Table 1 could be reduced by an order of magnitude by
utilizing a laser beam with ω = 10 eV (keeping ξ = 1) since the
said pulse energy ∼ a2ω2xyz scales linearly with the laser
wavelength. Alternatively, application of this frequency along with
a pulse extent of y = 10λ would lead to a luminosity loss of only
two orders of magnitude (while keeping the laser pulse energy un-
changed).
Apart from the boost of the leptons’ collision energy, the pres-
ence of the laser ﬁeld may lead to several additional interesting
effects. The broad distribution in Fig. 2 and supporting calculations
for other parameters give evidence that the Higgs boson energy
spectrum is asymmetric, with a tendency to smaller energies as
compared to the corresponding ﬁeld-free case. This is illustrated
by a calculation with ξ = 1, p0 ≈ 70 GeV and ω = 10 keV for
which the energy distribution is shown in Fig. 3. Note that theFig. 3. (Color online.) Differential cross section as function of the produced Higgs
boson’s energy for ξ = 1, p0 ≈ 70 GeV, and ω = 10 keV (red solid line, left y-axis).
For comparison, the energy spectrum for a ﬁeld-free collision with p0+ ≈ 70 GeV,
p0− = q0− + nmaxω ≈ 212 GeV is depicted (blue, dashed line, right y-axis).
total cross section and behavior of the spectrum are practically
independent of the photon energy provided that ω  m. Com-
pared to a ﬁeld-free cross section with comparably asymmetric
lepton energies, smaller Higgs boson energies are favored. This is
because fewer partial cross sections of photon order n yield suf-
ﬁciently high energy to contribute for larger Higgs boson energy.
For the same reason, the spectrum of the Higgs boson’s emission
angle is asymmetric and tilted towards the propagation direction
of the laser. Besides that, the laser ﬁeld will also affect the electri-
cally charged decay products of the Higgs boson, e.g. by channeling
them into narrow angular regions [44], thus possibly rendering
their detection easier. We also note that, in comparison to the
ﬁeld-free case, the total cross section obtained in the laser-boosted
reaction μ+μ− → H Z0 may be somewhat less sensitive to vari-
ations of the Higgs boson mass which is connected to the broad
range of collision energies due to the many photon numbers that
are involved (cf. Fig. 2).
In conclusion, we have shown that the upgrading of the ex-
isting and the development of new laser facilities – in fruitful
conjunction with the well-established conventional acceleration
techniques – might bring new opportunities in the physics of el-
ementary particles such as to Higgs boson creation. As a proof-
of-principle experiment, the laser-boosted QED process e+e− →
μ+μ− could be implemented with present-day technology, utiliz-
ing intense nanosecond laser pulses with an energy of kJ order.
Acknowledgements
Useful input by Karl-Tasso Knöpﬂe, Karen Z. Hatsagortsyan,
Omri Har-Shemesh, Matthias Ruf, and Felix Mackenroth is grate-
fully acknowledged.
References
[1] The ATLAS Collaboration, Phys. Lett. B 716 (2012) 1;
The CMS Collaboration, Phys. Lett. B 716 (2012) 30.
[2] CERN press release, http://press.web.cern.ch/press-releases/2013/03/new-
results-indicate-particle-discovered-cern-higgs-boson, 14 Mar. 2013.
[3] J. Ellis, M.K. Gaillard, D.V. Nanopoulos, A historical proﬁle of the Higgs boson,
arXiv:1201.6045 [hep-ph], 2012.
[4] See e.g. http://www.linearcollider.org/about/Publications/Reference-Design-
Report.
[5] See e.g. Y. Alexahin, Muon collider design status, arXiv:1202.2155v1 [physics.
acc-ph], 2012, and references therein.
[6] V. Malka, Phys. Plasmas 19 (2012) 055501.
[7] W.P. Leemans, B. Nagler, A.J. Gonsalves, Cs. Tóth, K. Nakamura, C.G.R. Geddes,
E. Esarey, C.B. Schroeder, S.M. Hooker, et al., Nat. Phys. 2 (2006) 696–699.
[8] I. Blumenfeld, et al., Nature 445 (2007) 741.
[9] W. Leemans, E. Esarey, Phys. Today 62 (2009) 44.
[10] K.T. McDonald, K. Shmakov, Phys. Rev. ST Accel. Beams 2 (1999) 121301.
S.J. Müller et al. / Physics Letters B 730 (2014) 161–165 165[11] K.Z. Hatsagortsyan, C. Müller, C.H. Keitel, Europhys. Lett. 76 (2006) 29.
[12] P.A. Eminov, K.V. Zhukovskii, K.G. Levtchenko, Production of Higgs with Z-
boson by an electron in external ﬁelds, arXiv:hep-ph/9804314, 1998.
[13] D. Burke, et al., Phys. Rev. Lett. 79 (1997) 1626.
[14] T.E. Cowan, et al., Laser Part. Beams 17 (1999) 773.
[15] H. Schwoerer, B. Liesfeld, H.P. Schlenvoigt, K.U. Amthor, R. Sauerbrey, Phys. Rev.
Lett. 96 (2006) 014802.
[16] H. Chen, S.C. Wilks, J.D. Bonlie, E.P. Liang, J. Myatt, D.F. Price, D.D. Meyerhofer,
P. Beiersdorfer, Phys. Rev. Lett. 102 (2009) 105001;
H. Chen, et al., Phys. Rev. Lett. 105 (2010) 015003.
[17] F. Ehlotzky, K. Krajewska, J.Z. Kamin´ski, Rep. Prog. Phys. 72 (2009) 046401.
[18] A. Di Piazza, C. Müller, K.Z. Hatsagortsyan, C.H. Keitel, Rev. Mod. Phys. 84
(2012) 1177.
[19] H. Gies, Eur. Phys. J. D 55 (2009) 311;
M. Marklund, J. Lundin, Eur. Phys. J. D 55 (2009) 319;
G.V. Dunne, Eur. Phys. J. D 55 (2009) 327;
R. Rabadán, A. Ringwald, K. Sigurdson, Phys. Rev. Lett. 96 (2006) 110407.
[20] Investigations of other weak processes in laser ﬁelds are reviewed in Sec-
tion XIII in [18] and in Chapter 6 of V.I. Ritus, J. Sov. Laser Res. 6 (1985) 497;
For the inﬂuence of a laser ﬁeld on the electroweak symmetry breaking mech-
anism see A.D. Linde, Phys. Lett. B 62 (1976) 435.
[21] Note that, due to the large collision energy required in the process, the ﬁnite
Z0 boson width can be neglected in the propagator.
[22] V.B. Berestetskii, E.M. Lifshitz, L.P. Pitaevskii, Relativistic Quantum Theory, Perg-
amon, Oxford, 1971.
[23] H.R. Reiss, Phys. Rev. A 22 (1980) 1786 (Eq. (B2)).
[24] Y.W. Chan, Phys. Lett. 35A (1971) 305.
[25] For n/2 > β2, the partial cross sections vanish quickly due to the behavior of
the large-order Bessel functions, see M. Abramowitz, I.A. Stegun, Handbook of
Mathematical Functions, Dover Publications, Inc., New York, 1965.
[26] The variation of the collision energy with the photon order n corresponds, in
classical terms, to the temporal oscillations of the lepton energies in the ﬁeld.
Accordingly, one can show that (10) can also be derived from a consideration
based on the classical dynamics of the particles in the ﬁeld.
[27] J.F. Donoghue, E. Golowich, B.R. Holstein, Dynamics of the Standard Model,
Cambridge University Press, 1992.[28] J.L. Chaloupka, D.D. Meyerhofer, Phys. Rev. Lett. 83 (1999) 4538;
G.V. Stupakov, M.S. Zolotorev, Phys. Rev. Lett. 86 (2001) 5274;
Q. Kong, S. Miyazaki, S. Kawata, K. Miyauchi, K. Sakai, Y.K. Ho, K. Nakajima,
N. Miyanaga, J. Limpouch, A.A. Andreev, Phys. Rev. E 69 (2004) 056502;
A.E. Kaplan, A.L. Pokrovsky, Phys. Rev. Lett. 95 (2005) 053601.
[29] B.J. King, Discussion on muon collider parameters at center of mass energies
from 0.1 TeV to 100 TeV, arXiv:physics/9908016v1, 1999.
[30] A. Di Piazza, Lett. Math. Phys. 83 (2008) 305.
[31] C. Müller, K.Z. Hatsagortsyan, M. Ruf, S.J. Müller, H.G. Hetzheim, M.C. Kohler,
C.H. Keitel, Laser Phys. 19 (2009) 1743.
[32] A. Yariv, Quantum Electronics, Wiley, New York, 1989 (Ch. 6.12).
[33] In order for the laser pulse to maintain this shape over the whole required
extension z, very advanced focusing techniques are necessary in order to
counteract the beam divergence. Waveguides consisting of hollow capillaries
[34] or plasma waveguides [35] might be promising candidates for obtaining
this goal.
[34] F. Dorchies, et al., Phys. Rev. Lett. 82 (1999) 4655.
[35] D.J. Spence, S.M. Hooker, Phys. Rev. E 63 (2001) 015401;
A. Butler, D.J. Spence, S.M. Hooker, Phys. Rev. Lett. 89 (2002) 185003.
[36] Finite-pulse effects have been identiﬁed for nonlinear Compton scattering and
e+e− pair creation in strong laser ﬁelds, see T. Heinzl, A. Ilderton, M. Marklund,
Phys. Lett. B 692 (2010) 250;
F. Mackenroth, A. Di Piazza, C.H. Keitel, Phys. Rev. Lett. 105 (2010) 063903;
T. Nousch, D. Seipt, B. Kämpfer, A.I. Titov, Phys. Lett. B 715 (2012) 246;
K. Krajewska, J.Z. Kamin´ski, Phys. Rev. A 85 (2012) 062102.
[37] V. Yanovsky, et al., Opt. Express 16 (2008) 2109.
[38] The Vulkan 10 Petawatt Project, http://www.clf.rl.ac.uk/New+Initiatives/The+
Vulcan+10+Petawatt+Project/14684.aspx.
[39] J.P. Chambaret, et al., in: Frontiers in Optics, Optical Society of America, Wash-
ington, DC, 2009, p. FMI2.
[40] ELI (Extreme Light Infrastructure), http://www.extreme-light-infrastructure.eu.
[41] G.A. Mourou, N.J. Fisch, V.M. Malkin, Z. Toroker, E.A. Khazanov, A.M. Sergeev,
T. Tajima, B. Le Garrec, Opt. Commun. 285 (2012) 720.
[42] NIF (National Ignition Facility), https://lasers.llnl.gov/about/nif.
[43] M.M. Alsharo’a, et al., Phys. Rev. ST Accel. Beams 6 (2003) 081001 (Table XIV).
[44] E. Lötstedt, U.D. Jentschura, C.H. Keitel, Phys. Rev. Lett. 101 (2008) 203001.
